Mouse Developmental Kinase 1 (MDK1) is a receptor tyrosine kinase of the eck/eph subfamily expressed in a variety of tissues during early mouse embryogenesis. To obtain further insight into the function of MDK1, we determined identity and localisation of its physiological ligand(s). Staining whole embryos with fusion proteins between the extracellular domain of MDK1 and human secreted alkaline phosphatase revealed areas of high receptor binding in the caudal mesencephalon, the frontal neocortex and the limb buds. This staining was sensitive to treatment with phosphatidylinositol-speci®c phospholipase C. Using Scatchard analysis, high anity binding of Elf-1 (1.7610 710 M) and B61 (2.2610 710 M) towards MDK1 could be demonstrated. However, the transmembrane ligand Lerk2 displayed no measurable anity for MDK1. Elf-1 and B61 bind to the three full-length MDK1 isoforms with similar dissociation constants. Slightly lower anities were observed for the two truncated receptors MDK1-T1 and MDK1-T2. The activation of MDK1 with Elf-1 or B61 leads to the rapid autophosphorylation of MDK1 as well as tyrosine phosphorylation of an unknown 62 kDa phosphoprotein in Rat1 cells. These ®ndings implicate MDK1 in patterning processes during early mouse embryogenesis and suggest MDK1 involvement in early organogenesis and midbrain development.
Introduction
Receptor tyrosine kinases are key regulators of developmental processes like cell proliferation, differentiation and migration. Sharing conserved structural features including a glycosylated extracellular domain, a hydrophobic transmembrane domain and a cytoplasmic catalytic tyrosine kinase domain , they are activated upon ligand binding leading to tyrosine phosphorylation of a variety of cellular substrates, including the receptor itself (van der Geer and Hunter, 1994; Hunter, 1995) . Apart from their role in embryonic development, cell survival and proliferation, receptor tyrosine kinases (RTKs) have been linked to the malignant transformation of cells (Ullrich and Schlessinger, 1990) .
Recently, members of the eck/eph related subfamily of RTKs have been shown to be expressed in tightly regulated spatio-temporally diverse expression patterns during embryogenesis, with most of the kinases being present during early development of the vertebrate central nervous system (reviewed in Tuzi and Gullick, 1994) . These studies together with the identi®cation of a number of ligands suggested a participation of eck/ eph related RTKs in a number of morphogenetic processes . For example, eck and its ligand B61 (Bartley et al., 1994) , are involved in neuronal survival of rat spinal cord cultures (Magal et al., 1996) as well as in TNF-a induced angiogenesis . The identi®cation of RAGS as a repulsive axon guidance signal (Drescher et al., 1995) as well as the identi®cation of complementary gradients in receptor and ligand expression of Elf-1 and Mek-4 during the development of the topographic retinotectal projection map has led to the implication of the eck/eph subfamily of RTKs in axonal guidance. Whereas Mek4 has been shown to be expressed in a temporal to nasal gradient in the chicken retina , Cek5 (and its quail homologue Qek5) is expressed in a dorsal to ventral gradient (Holash and Pasquale, 1995; Kenny et al., 1995) . This suggests a participation of these proteins in the speci®cation of retinotectal projection Orike and Pini, 1996; Friedman and O'Leary, 1996) . Eck/eph related RTKs also take part in vertebrate hindbrain segmentation. Several RTKs of this family have restricted expression domains in dierent rhombomeres (Becker et al., 1994) . Especially Sek (Gilardi-Hebenstreit et al., 1992) seems to be playing a role in segmental restriction of gene expression in the odd-numbered rhombomeres r3 and r5 (Xu et al., 1995) as well as in patterning of the zebra®sh forebrain (Xu et al., 1996) . In addition, expression of Cek-8, the chicken homologue of Sek, has been reported to respond to regulatory signals during limb patterning (Patel et al., 1996) .
In contrast to these implied functions, mice homozygous for a null mutation in the gene coding for eck showed no discernable phenotype, suggesting that other members of the eck/eph subfamily can functionally compensate for the loss of eck signalling (Chen et al., 1996) .
Transcription of the orphan RTK MDK1 is observed in a variety of tissues during early development and becomes increasingly restricted to the central nervous system at later stages. The kinase is expressed in at least ®ve variant forms, including two truncated receptors lacking most of the catalytic kinase domain (Ciossek et al., 1995) . We present here the high anity interaction of Elf-1 and B61 with MDK1 leading to autophosphorylation of the kinase and tyrosine phosphorylation of an endogenous 62 kDa protein.
These interactions suggest an important role for MDK1 and its ligands in early mouse development.
Results
Expression of the MDK1 extracellular domain as a soluble anity reagent with an alkaline phosphatase tag
In order to identify potential expression sites of a MDK1 ligand, the in situ staining method described by Flanagan and Leder (1990) was selected. The mammalian expression vector APtag-1 (Flanagan and Leder, 1990) was used for the production of a fusion protein (MDK1-AP) between the extracellular domain of MDK1 and the characteristically heat-stable secreted human placental alkaline phosphatase (SEAP). The enzyme tag is located at the C-terminal end of the fusion protein ( Figure 1a) . 293 cell lines were produced for stable expression of MDK1-AP and the control SEAP. The supernatants of individual clones were screened for fusion protein expression by immunoblotting with a monoclonal anti-human alkaline phosphatase antibody. Whereas the MDK1-AP fusion protein migrated at an apparent molecular weight of approximately 140 kDa, the unfused SEAP was seen as a single band migrating at 67 kDa ( Figure  1b) . The clones showing the highest expression levels of MDK1-AP and SEAP were analysed for enzyme activity by measuring the hydrolysis of p-nitrophenylphosphate (Berger et al., 1988) . Clones 293/MDK1-AP and 293/SEAP produced about 2.9 and 4.8 units/ml, respectively.
In situ staining of whole mouse embryos MDK1 is expressed at high levels during mouse development (Ciossek et al., 1995; Ellis et al, 1995) .
Although during early embryogenesis MDK1 expression is found in a variety of tissues, in later stages of development it becomes mainly restricted to the central nervous system. A putative MDK1 ligand should therefore be widely expressed during early mouse embryogenesis.
The RAP (receptor anity probe) in situ method described by Cheng and Flanagan (1994) allows detection of binding sites for receptor tyrosine kinases directly in mouse embryos. Whole embryos either untreated or pre®xed with methanol were incubated with MDK1-AP, washed, ®xed and then stained for bound AP activity. As a control for speci®c binding of the MDK1-AP fusion protein, embryos were also incubated with unfused SEAP, which showed no staining at all (Figure 2) .
The staining pattern observed was very similar to that described for Elf-1, the ligand for two related receptor tyrosine kinases of the eck/eph subfamily, Mek4 and Sek (Cheng and Flanagan, 1994) . The strongest reactivity was observed in the caudal mesencephalon of embryos of day 10.5 and 11.5 of development ( Figure 2 ). This staining was most evident in embryos permeabilized by methanol treatment. Other areas of positive staining include the frontal neocortex, the optic vesicle, the maxillary component of the ®rst branchial arch and the limb buds. Due to the short incubation time, the RAP in situ staining favors a labelling of structures near the surface of the embryos (Cheng and Flanagan, 1994) , thereby excluding a detection of receptor binding sites in internal tissues of the embryo.
Cell surface attachment of the MDK1 ligand is sensitive to phosphatidylinositol-speci®c phospholipase C To date reported ligands for receptor tyrosine kinases of the eck/eph subfamily are attached to the cell surface. This attachment is either mediated by a transmembrane domain (Lerk2, Beckmann et al., 1994; ELF-2, Bergemann et al., 1995) or through a linkage to a GPI tail (B61, Bartley et al., 1994; Ehk1-L, Davis et al., 1994; Lerk4, Kozlosky et al., 1995; AL-1, Winslow et al., 1995; and Elf-1, Cheng and Flanagan, 1994) . To test whether the detected MDK1 ligand in mouse embryos is attached to the cell surface via a GPI linkage, whole mouse embryos were treated with phosphatidylinositol-speci®c phospholipase C (PI ± PLC), incubated with MDK1-AP and stained for bound AP activity (Figure 3 ). Since there was no reactivity detectable in embryos treated with PI ± PLC, it appears that the MDK1 ligand belongs to the group of eck/eph ligands attached to the cell surface through a GPI linkage.
Binding analysis of MDK1 to B61, Elf-1 and Lerk2
Since the RAP in situ results suggested ELf-1 as a ligand for MDK1, we analysed the binding between MDK1 and Elf-1. B61 and Lerk2 were used as additional GPI-linked and transmembrane ligands, respectively.
To elucidate the dissociation constants of these ligands for MDK1, we constructed fusion proteins between the extracellular domains of the proteins and the constant region of human IgG1 (Elf-1 Fc , B61 Fc and Figure 2 RAP in situ of mouse embryos. Whole embryos at day 11.5 p.c. of development were treated with MDK1-AP (top panels) or SEAP (bottom panels) as a control. Embryos were either untreated before incubation (left and middle panels) or pre®xed with methanol (right panels). After incubation, embryos were washed, ®xed and stained for bound AP activity. High speci®c staining was observed in the caudal part of the mesencephalon (Mes), in the frontal neocortex (CFr), the limb buds (Lb) and the maxillary component of the ®rst branchial arch (m). The optic vesicle (OV) was also stained. Note the strong signal in the caudal mesencephalon in methonal treated embryos. After longer staining times, methanol treated embryos showed the same additional areas of speci®c staining as observed in untreated embryos. IV: Roof of the IV. ventricle)
Figure 3 PI ± PLC treatment of mouse embryos. RAP in situ of whole embryos at day 10.5 p.c. of development with MDK1-AP treated either without (left) or with PI ± PLC (right) for 2 h in tissue culture medium. The speci®c staining of the caudal mesencephalon is completely abolished after PI ± PLC treatment
Elf-1/B61 ± MDK1 high affinity interaction T Ciossek and A Ullrich Lerk2 Fc . Binding of fusion proteins to MDK1 was detected with 125 I-labelled sheep anti-human IgG antibodies. This system was chosen since we were not able to demonstrate receptor activation by the soluble fusion proteins. Therefore it is not possible to exclude a loss of biological activity after direct iodination, as has been described by Beckmann et al. (1994) . In addition, we wanted to analyse the binding of these ligands to the MDK1 variants described (Ciossek et al., 1995) . Currently there are two splicing variants known with short deletions in the extracellular (MDK1D1) and the juxtamembrane domains (MDK1D2) as well as two additional variant forms of MDK1 lacking most of the intracellular domain (MDK1-T1, MDK1-T2).
Rat1 cells infected with a retrovirus coding for MDK1 as well as separate pools of NIH3T3 cells infected with retrovirus for the dierent MDK1 variants were used in the binding assays. Cells were exposed to varying concentrations of the ligands, followed by incubation with a constant saturating concentration of 125 I-labelled antibody. Binding of Elf-1 Fc to MDK1 showed a single high-anity binding component after replotting of the binding curves in the Scatchard coordinate system (Scatchard, 1949 The dierent MDK1 variants did not display a marked dierence in anity towards the ligands tested, however, the truncated receptor forms did bind to B61 and Elf-1 with a slightly reduced anity.
B61 and Elf-1 induced autophosphorylation of MDK1 and phosphorylation of an endogenous 62 kDa protein
In order to demonstrate an activation of MDK1 through its interaction with B61 and Elf-1, a variety of experimental procedures were employed. However, we were not able to induce tyrosine phosphorylation MDK1 with either soluble ligands at concentrations up to 10 mg/ml or with crosslinked ligands as has been described for Lerk2 or Ehk1-L (Davis et al., 1994) . Even using the assay described by Shao et al. (1995) with ligand-coated plates showed no activation potential of B61 and Elf-1 for MDK1 (data not shown). Instead, an activation of MDK1 as evidenced by its autophosphorylation was only observed if cellsurface attached ligands were used in a stimulation assay. As shown in Figure 5b , stimulation of Rat1MDK1 cells with 293 cells expressing either B61 or Elf-1 did result in a marked autophosphorylation of MDK1. This activation was not seen in the parental Rat1 cells or after stimulation with control-transfected 293 cells. An activation was also observed if MDK1 was coexpressed with either B61 or Elf-1 in 293 cells or COS-7 cells (data not shown).
However, the activation of MDK1 in Rat1MDK1 cells resulted in tyrosine phosphorylation of an endogenous 62 kDa protein in these cells (Figure 6 ), which did not co-immunoprecipitate with MDK1 ( Figure 5b ). This size is similar to the ones reported for c-src related tyrosine kinases. Immunoprecipitations with polyclonal antiserum directed against c-src Activation of an endogenous 62 kDa protein in stimulated Rat1MDK1 cells. Rat1 and Rat1MDK1 cells were stimulated as described in Figure 5 . Cell lysates were resolved by SDS ± PAGE, transferred to nitrocellulose and immunoblotted with the anti-phosphotyrosine antibody 4G10. The tyrosine phosphorylated 62 kDa protein is indicated (arrow). The molecular weight standard is shown in kDa
Elf-1/B61 ± MDK1 high affinity interaction T Ciossek and A Ullrich related protein tyrosine kinases followed by immunoblotting with the phosphotyrosine-speci®c monoclonal antibody 4G10 showed no clear phosphorylation (data not shown). The identity of this protein is currently not known.
Discussion
We describe here the initial characterisation of B61 and Elf-1 as high anity ligands for the orphan RTK MDK1. Using the RAP in situ method for staining whole embryos for ligand binding sites, areas of high MDK1 binding activity were identi®ed including a prominent staining in the caudal mesencephalon of embryos at day 10.5 and 11.5 of development ( Figure  2 ). The binding activity was shown to be sensitive to PI ± PLC treatment, which results in the release of glycosylphosphatidylinositol (GPI) attached cell surface proteins ( Figure 3 ). This places MDK1 in the`eck subgroup' of eck/eph related RTKs in contrast to thè elk subgroup', whose members are interacting with transmembrane ligands . Since the observed binding pattern closely resembled the one previously described for Elf-1, the ligand for the RTKs Mek4 and Sek (Cheng and Flanagan, 1994) , we analysed the binding anity of the Elf-1/MDK1 interaction using Scatchard analysis (Scatchard, 1949) . We also included an additional GPI anchored ligand, B61, and a transmembrane ligand, Lerk2, in our analysis. High anity binding was observed for Elf-1 and B61 with dissociation constants of 1.7610 710 M and 2.2610 710 M, respectively. As expected from the RAP in situ analysis, Lerk2 displayed no detectable anity towards MDK1. The dissociation constant described here for the interaction of Elf-1 and MDK1 is an order of magnitude higher than the one described for the interaction between Elf-1 and Mek4 (1.8610 79 M, Cheng and Flanagan, 1994) . We also determined the dissociation constant for the binding of Elf-1 to MDK1 using the method published by Cheng and Flanagan (1994) Recent experiments have implicated Elf-1 and a related protein, RAGS, in processes involved in the development of the topographic retinotectal projection map Drescher et al., 1995) . In addition, AL-1, the human homologue of chicken RAGS, has been reported to play a role in axon fasciculation (Winslow et al., 1995) . It is currently not clear how MDK1 might be involved in these processes, especially as its expression pattern has so far only been described based on mRNA expression. However, MDK1 and Elf-1 are expressed in adjacent areas in the developing hindbrain. Whereas MDK1 shows high expression in the rostral part (Ciossek et al., 1995; Ellis et al., 1995) , Elf-1 transcripts are detected in the caudal region of the hindbrain (Cheng and Flanagan, 1994 and data not shown). Since the expression of a truncated Sek receptor tyrosine kinase disrupts the segmental restriction of gene expression during early rhombomere speci®cation, Sek has been suggested to be involved in the interactions that regulate the segmental identity or movement of cell leading to a sorting of cell with odd and even segmental identity (Xu et al., 1995) . It is tempting to speculate that due to their contrasting expression MDK1 and Elf-1 might be involved in early patterning events during midbrain development.
Although we did not observe a RAP in situ staining of mouse embryos consistent with an in vivo interaction of MDK1 and B61, this is probably due to limited diusion of the MDK1-AP probe used. Only regions in close proximity to the surface of the embryo could be labelled (data not shown). Comparing the described expression patterns of MDK1 and B61 based on in situ hybridisation analysis, both transcripts colocalize in a variety of tissues in early mouse development. This includes the developing lung, kidney, hair follicles and the developing teeth (Ciossek et al., 1995; Takahashi and Ikeda, 1995) . B61 and the RTK eck have been implicated in TNF-a induced angiogenesis as well as in neuronal survival of rat spinal cord neurons (Magal et al., 1996) . Because MDK1 and B61 are coexpressed during mouse embryogenesis, a participation of MDK1 signalling in B61-mediated organogenesis and epithelial cell growth and differentiation is likely.
Elf-1 as well as B61 bind to the known MDK1 variants MDK1, MDK1D1, MDK1D2, MDK1-T1 and MDK1-T2 (Ciossek et al., 1995) with similar anities, although the interaction with the truncated forms occurred with a slightly reduced anity ( Figure  4) . However, the experimental procedure used could constitute an arti®cial situation because the binding of a soluble fusion protein to its transmembrane RTK is measured. In vivo, both the ligand and the receptor are anchored in the cell membrane. Assuming that the observed anities are similar to the ones occurring under native conditions, this should have signi®cant consequences for the MDK1 signal transduction capacity. MDK1 and MDK1-T1 show a widely overlapping expression pattern during early mouse development. Their mRNAs are frequently colocalized, but the levels of expression of each mRNA are dierentially regulated (Mori et al., 1995) . Most importantly, the relative expression intensity of MDK1-T1 increases with continued development in the central nervous system (Mori et al., 1995) . In adult mouse brain, MDK1-T1 represents the most prominent MDK1 transcript detected (Ciossek et al., 1995) . Experiments using arti®cially truncated receptors for epidermal growth factor (EGF-R), ®broblast growth factor (FGF-R), and vascular endothelial growth factor (Flk-1) have suggested an impairment of signal transduction of the native receptors (Kashles et al., 1991; Ueno et al., 1992; Redemann et al., 1992; Millauer et al., 1994) . Such a modulatory function through inhibition of transphosphorylation by formation of heterodimers Elf-1/B61 ± MDK1 high affinity interaction T Ciossek and A Ullrich between dominant negative truncated and full-length receptors might also occur in MDK1 signal transduction during early mouse development, leading to a very tight control of MDK1 signalling. On the other hand, the truncated variant forms of MDK1 could also be involved in the regulation of the availability of its ligands during development, as has recently been suggested for BDNF and its receptor trkB (Bio et al., 1995) . B61 as well as Elf-1 can activate the catalytic activity of MDK1 as cell surface bound molecules only ( Figure  5 and data not shown). The autophosphorylation of MDK1 is accompanied by the tyrosine phosphorylation of a 62 kDa endogenous protein in Rat1 cells. A recent publication reported the high anity interaction of p59fyn with the Sek RTK via a conserved tyrosine residue in the juxtamembrane domain of eck/eph related RTKs (Ellis et al., 1996) . Immunoblotting did not demonstrate a tyrosine phosphorylation of endogenous c-src like kinases after MDK1 activation (data not shown). In addition, in a transient overexpression system c-src, c-fyn and c-yes only associated with the unglycosylated precursor of MDK1 (data not shown). The identity of the 62 kDa protein is currently under investigation.
In conclusion, Elf-1 and B61 are likely to be physiologically relevant ligands for MDK1. This broadens their potential role in embryonic development. Although heterodimer formation has not yet been reported to occur between members of the eck/ eph subfamily of RTKs, the activation of dierent kinases by the same high anity ligands could indicate a further complexity in their signal transduction processes.
Materials and methods

Construction and expression of MDK1-AP and SEAP fusion proteins
For the production of MDK1-AP, the DNA sequence coding for the extracellular domain of MDK1 was ampli®ed by the polymerase chain reaction from plasmid DNA. Restriction sites at the ends of the ampli®cation primers were cut with HindIII and Bg1II and the fragment inserted into the appropriate sites of the vector Aptag-1 (Flanagan and Leder, 1990) . The SEAP construct was made by amplifying the MDK1 signal peptide using the same restriction sites and inserting of the obtained fragment into the Aptag-1 vector, resulting in a secreted human alkaline phosphatase with the MDK1 signal peptide.
A 10 cm tissue culture dish of human embryonic kidney ®broblast 293 cells (ATCC CRL 1573) was cotransfected with 19 mg of each plasmid and 1 mg of a neo selection plasmid by calcium phosphate precipitates (Chen and Okayama, 1987) . Cell clones obtained after G418 selection were screened for fusion protein expression by immunoblotting of the culture supernatant using a monoclonal anti-human placental alkaline phosphatase antibody (Sigma) and the ECL-System (Amersham). The highest expressing clones were analysed for AP activity by measuring the hydrolysis of p-nitrophenylphosphate in a 96-well plate reader (Berger et al., 1988) .
Conditioned media of cells grown to con¯uency and incubated for three additional days were ®ltered through a 0.45 mm membrane and stored at 48C after addition of 20 mM HEPES (pH 7.5) and 0.01% sodium azide.
RAP in situ of mouse embryos
The receptor-AP staining of mouse embryos was performed as described by Cheng and Flanagan (1994) . Brie¯y, embryos from Balb/c mice were used either untreated or ®xed by incubation in methanol (7208C, 1 h) and rinsed once in HBHA buer (Hank's balanced salt solution with 0.5 mg/ml BSA, 0.1% NaN 3 , 20 mM HEPES [pH 7.5]). They were incubated in cell culture supernatants of MDK1-AP or SEAP as a control for 75 min on a rotating wheel at room temperature. After six washing steps with HBHA buer, they were ®xed for 2.5 min (60% acetone, 3% formaldehyde, 20 mM HEPES [pH 7.5]), and washed three times in HBS (150 mM NaCl, 20 mM HEPES [pH 7.5]). To inactivate endogenous cellular phosphatases, the embryos were incubated for 30 min in a 658C water bath and then rinsed with AP buer (100 mM Tris-HCl [pH 9.5], 100 mM NaCl, 5 mM MgCl 2 ) and stained for 5 ± 20 min in the same buer containing 0.17 mg/ml BCIP and 0.33 mg/ ml NBT (Boehringer).
For the experiments assessing GPI-linkage, whole embryos were washed three times and then pretreated for 2 h at 378C with 400 mU/ml of PI ± PLC (Boehringer) in complete tissue culture medium.
Cloning of B61, Lerk2 and Elf-1 and construction of Fc-fusion proteins PCR reactions were performed on cDNA prepared from poly(A) + RNA of 11.5 day old mouse embryos using degenerate oligonucleotide primers. The primers correspond to conserved motifs (L/V)DIICP and (EFK(K/ E)XH) of the extracellular domain of ligands for ephrelated receptor tyrosine kinases. Two of the fragments obtained code for the murine homologues of human B61 (Bartley et al., 1994) and Lerk2 (Beckmann et al., 1994) . These fragments were used in cDNA library screening of a mouse embryo cDNA library (12.5 day embryo, Clontech). Elf-1 (Cheng and Flanagan, 1994) was cloned by screening a 11.5 day mouse embryo cDNA library using the synthetic oligonucleotide 5'-CTA TAC CGT GGA GGT GAG CAT CAA CGA CTA CCT GGA TAT CTA CTG CCC ACA CTA C-3', corresponding to nucleotides 171 to 227 of the Elf-1 cDNA as a probe.
The extracellular domains of these ligands were fused to the Fc protion of human IgG1 by using PCR to introduce a single SpeI site at the start of the coding sequence for the constant region of human IgG1. DNA fragments coding for the extracellular domains of the three ligands were ampli®ed with appropriate primers. For B61, a SpeI site was introduced immediately after amino acid 176 of its open reading frame. The same site was incorporated into the ampli®cation primers used for Lerk2 and Elf-1 (positions 235 and 181, respectively). For each plasmid, stably expressing cell lines were produced as described for MDK1-AP/SEAP, and supernatants were screened for fusion protein expression by immunoblotting with an anti-human IgG1-Fc antibody (Sigma). Supernatants of high expressing clones were collected and puri®ed by protein A-Sepharose (Pharmacia) according to the manufacturer's speci®cations. Protein concentrations were determined by BCA analysis (Sigma) and the purity assessed by SDS ± PAGE (Laemmli, 1970) .
Binding assays
The binding assays were performed essentially as described by Beckmann et al. (1994) . GP+E86 cells (Markowitz et al., 1988) were transfected with retroviral constructs coding for MDK1, MDK1D1, MDK1D2, MDK1-T1 and MDK1-T2. Cell culture supernatants were used to infect Rat1 ®broblasts (Friedrich et al., 1991) and NIH3T3 cells (ATCC CRL 1658). Whereas a single Rat1 cell clone Elf-1/B61 ± MDK1 high affinity interaction T Ciossek and A Ullrich expressing high levels of MDK1 protein was isolated, NIH3T3 cells were used as cell pools.
Cells were seeded in 24-well plates (2.0610 5 cells/well), washed twice with PBS and incubated with various concentrations of B61 Fc , Lerk2 Fc and Elf-1 Fc in PBS/BSA (PBS, 1% BSA, 0.1% NaN 3 ) for 5 h at 48C on ice. Cells were then washed three times with PBS and incubated with 125 I-labelled sheep anti-human IgG antibody (1 mCi/ml, Amersham) in PBS/BSA for 1 h at 48C on ice. Subsequently, cells were washed three times with PBS and bound activity was harvested by lysing the cells with lysis-buer (10% glycerol, 1% Triton X-100, 150 mM NaCl, 50 mM HEPES [pH 7.5]). Cell-bound 125 I-labelled antibody was quanti®ed on a MR300 Automatic Liquid Scintillation Counter (Kontron). Anity calculations (Scatchard, 1949) were generated using the EBDA/Ligand program (McPherson, 1985) .
Autophosphorylation Assay
The catalytic activity of MDK1 was stimulated using receptor-expressing responder cells and ligand-expressing stimulator cells as described by Shao et al. (1995B) . Rat1 cells expressing high levels of the MDK1 receptor tyrosine kinase were plated in 10 cm tissue culture dishes and grown to con¯uency. Twelve hours before starting the assay, the medium was changed to 0.5% fetal bovine serum.
Approximately 4610
6 293 cells transfected either with expression plasmids for Elf-1 and B61 under the control of the immediate early cytomegalovirus promoter or with empty vector alone were detached, washed twice with PBS, resuspended in 2 ml of PBS and added to the attached Rat1 cells for 10 min at room temperature. Plates were washed three times with PBS (48C) and lysed in lysis-buer as described by Lammers et al. (1993) . For immunoprecipitation, Protein-A sepharose and 2 ml of MDK1-antiserum (Ciossek et al., 1995) were added to the cell lysate and incubated for 3 h at 48C on a rotating wheel. The immunoprecipitates were washed three times with HNTG buer (20 mM HEPES [pH 7.5], 150 mM NaCl, 10% glycerol, 0.1% Triton X-100, 10 mM NaF, 1 mM sodium orthovanadate), separated on a 7.5% SDS polyacrylamide gel, transferred to nitrocellulose and immunoblotted with the 4G10 anti-phosphotyrosine antibody (UBI) at a concentration of 0.2 mg/ml or the anti-MDK1 antiserum at a dilution of 1 : 1000 (Ciossek et al., 1995) . The antisera against B61 and Elf-1 were obtained from Santa Cruz Biotechnology.
